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It has been suggested that superoxide anion (02) may 
be produced during eumelani~ formation ~nd duri.ng the 
photoirradiation of eumelanm, but no dir~ct evide~ce 
for this has yet been reported (although <?2 productiOn 
during photoirradiation of pheomelanm has been 
shown). In this report, the production of 0 2 was inves-
tigated during the for~ation and. photoirradiation of 
dopa-melanin, a synthetic eumelamn. It was found that 
cytochrome c was r~duced d~rin? th_e tyro~inase re~c­
tion and dopa-melanm formatwn m vitro; t his reductiOn 
could not be inhibited by superoxide dismutase (SOD). 
When dopa-melanin was irradiated by UV radiation or 
by visible light, high nitroblue tetrazolium (NBTJ re-
duction was observed; this reduction was proportw~al 
to the light energy and the amount of_ dopa-.me~a~un. 
NB T reduction by visible light could be shghtly mhibited 
by SOD, but a 12% decrease of NBT re~u.ction by UV 
radiation could be shown with the add1t10-? of SOD. 
These observations indicate that some radiCals were 
produced during the tyrosinase reaction an? dopa-.mel-
anin formation. Further, when dopa-melamn ~as Irra-
diated, radicals were also produced, some of whiCh were 
thought to consist of 0 2, but others were unknown. 
Superoxide anion (02) has been proposed to be an impor~ant 
toxic agent in many biologic systems. Some of the potentially 
·mportant sources of 0 2 have been described; several enzymes ~ave been shown to produce substantial amounts of 0 2. as 
intermediates, and leukocytes can enhance the 0 2 produ~t10n 
during phagocytosis (02 is thought to kill th~ engulfed mtcro~ 
organisms). Further knowledge_ ~bout _ bt~l?gtc . sou~ces of 0 2 
and the biologic role of t he toxiCity of 0 2 m bwlog1c systems 
needs to be accumulated. . . 
There have been many reports suggesting the productiOn of 
0 2 during melanin formation and during the photoirra?iation 
of melanin. For example, Blois has shown t~at _the umvalent 
oxidation of quino l (as HO -r/>-OH) to sem1qumone can be 
represented as HO-r/>- OH + 0 2---> H0-1>-0- + 0 2 : H~ where 
superoxide anion is produced by spontaneous oxidatiOn [1]. 
Chedekel proposed a scheme where oxygen is reduced t? 0 2 
during the cou rse of photolysis after eumelani~ is UV irrad1ate_d 
[2]. We have reported prev~ous ly that Lyrosmase was mactJ-
vated during enzyme reactiOn , and we have suggested the 
M a nusc ript received March 15, 1983; accepted for publication De-
cember 29, 1983 
* Deceased September 30, 1982. . . 
Supported in part by grants from the Ministry of EducatiOn, Sc1ence 
and Cul ture of Japan (No. 557249 and 548212) and the Japan Lyd1a 
O'Leary Foundation, Tokyo. 
Reprin t requests to: Yasushi Tomita, M.D. , Department of Derma-
tology, Tohoku University School of Medicine, Senda1 980, J apan. 
Abbreviations: 
Cyt.C: cytochrome c 
ESR: elect ron spin resonance 
NBT: nitroblue tetrazolium 
0 2: superuxide anion 
SOD: superoxide dismutase 
possibi lity t hat this inactivation might be caused by 0 2; if 0 2 
is produced during the reaction of tyrosinase utilizing 0 2 as a 
substrate, it could attack tyrosinase and cause enzyme inacti-
vation [3]. 
a; production has already been demonstrated in the photo-
reaction of pheomelanin [4], although evidence showing the 
0 2 production has not yet been reported during eumelanin 
formation or in the photoreaction of eumelanin. We now report 
that we have attempted to detect 0 2 production during tyrosin-
ase reaction, during dopa-melanin formation, and in the pho-
toirradiation of dopa-melanin. 
MATERIALS AND METHODS 
Reagents 
Superoxide dismutase (SOD) from bovine blood was obtained from 
Sigma Chemical Co. , St Louis, Missouri; xanthine ox idase was from 
Boehringer Mannheim- Yamanouchi, Tokyo; cytochrome c (Cyt.C) was 
a generous gift from Takeda Pharmacoetical Co., Osaka; nitroblue 
tetrazolium (NBT) was from Dojin Pharmacochemical Inst ., Kuma-
moto. 
Synthet ic dopa -melanin was prepared as follows: dopa was freshly 
made up in distilled water to a concentration of approximately 10 mM , 
and the pH was then adjusted to 10 with NaOH. Autoxidation was 
allowed to proceed in the presence of air at room temperature for a 
period of 2 days. The pH of t he solution was adjusted to 6.8 with 1 N 
HCI a nd the solu tion was di luted appropriately. 
All other chemicals were obtained from commercial suppliers. 
Purification and Assay of Ty ros1:n.ase 
Tyrosinase was solubilized from melanosomes by trypsin digestion, 
and purified as previously described [5]. 
Tyrosinase was measured as follows: L-tyrosine (3 !Lmol) , L-dopa (0.3 
!Lmol) , potassium phosphate buffer, pH 6.8 (1 mmol), enzyme and 
distilled water were added to make a total volume of 3 ml. The init ial 
rate of increase in absorbancy at 475 nm was determined spectropho-
tometrically according to the method of Pomerantz a nd Li [6]. 
As.~a.y of SOD and Determination of O; Produced 
The assay of SOD was carried out by two methods. The standard 
xanthine-xanthine oxidase assay was the method of McCord a nd Fri-
dovich [7] with modifications. The reaction mixture contained 20 !LM 
Cyt.C, 33 mU xanthine ox idase, and 0.1 mM EDTA in 3 ml (final 
volume) of 50 mM potassium phosphate buffer (pH 7.8) in a 1.0-cm 
cuvette the rmostated at 30"C. The reaction was started by the addition 
of the sample and 0.1 mM xanthine after a 3-min preincubation at 
30"C; the reduction of Cyt.C at 550 nm was foll owed wit h double-beam 
spectrophotomet ry (Hitachi 124). Under these defined conditions, the 
amount of' SOD required to inhibit the rate of reduction of Cyt.C by 
50% is defined in this report as 1 uni t of activity. When try ing to detect 
02 production during the tyros inase reaction , 0.16 unit of tyrosinase, 
1 mM tyrosine, 0.25 mM dopa, and 50 mM potassium phosphate buffer 
(pH 6.8) were added to the Cyt.C reaction system in place of xanthine 
oxidase, xa nthine, EDTA, and potassium phosphate buffer (p H 7.8). 
EDTA was not used, since it is a noncompetitive inhibitor to tyrosinase, 
and also because all materials a nd enzymes used in this report were so 
purified that any amount of divalent metal contamination was negli -
gible. Further, it was determined t hat the absence of EDTA showed no 
difference in SOD activity in this assay system. 
The other assay method to measure the photochemical generation 
of 0 2 was performed by the met hod of Beauchamp and Fridovich (8] 
with modification. The reaction mix ture contained 2.4 !LM riboflav in, 
10 mM methionine, 167 !LM NBT, and 50 mM potassium phosphate 
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buffer (pH 7.8) in a fin al volume of 3 mi. The ae robic reaction was 
sta rted at room temperatu re by the addi tion of the sample and illumi-
nation with a 20-W fluorescent lamp (Toshiba Electric Co.). T he 
photoreduction rate of NBT was determined by following the increase 
in absorbance at 560 nm with a Hitachi 124 spectrophotometer. When 
trying to detect the 02 production by synthetic dopa-melanin illumi-
nated with a 20-W flu orescent lamp as visible light, or a 20-W UV 
source (Toshiba Electric Co., FL 20S-BLB: maximum output at 360 
nm ), dopa- melanin was added to the NBT photoreduction system in 
place of ribofl avin and methionine. 
RESULTS 
E ffect of Tyrosinase and/or SOD on Cyt.C Reduction 
When Cyt.C reduction was ca rried out in a so lut ion of 1 mM 
tyrosine and 0.25 mM dopa, t he rate of reduction was increased 
when purified tyrosina e was added to t he reaction mix ture, as 
shown in Fig 1, Middle panel. H oweve r, t he reduction of Cyt.C 
could not be inhibi ted by t he addit ion of SOD, although t he 
same amount of SOD could greatly inhibi t Cyt.C reduction 
when assayed by xant hine ox idase reaction (Fig 1, Upper 
panel) . It should be ment ioned that no SOD activity was 
detectable in t he purified tyrosinase solut ion used in t his report, 
and t hat 200 uni ts of SOD had no direct effect on tyrosinase. 
Next, we examined whether Cyt.C reduction during dopa-
mela ni n fo rmation after t he tyrosinase reaction occurred or 
not. A dopa so lut ion was incubated wi t h tyrosinase at 30"C 
un t il t he t ra nsparent dopa solut ion turned dark red. The co lor 
change suggested dopachrome formatio n from dopa and a de-
crease in t he tyrosinase reaction while dopa- melanin fo rmation 
was actively proceeding. U nder t his condi t ion , t he reduction of 
Cyt.C a lso occurred as shown in F ig 1, Lower panel, and its rate 
was hi ghe r than in t he ty rosinase reaction as s hown in Fig 1, 
Middle panel, even t hough the dopa concent ra t ion was much 
lower at the beginning of each reaction. It can also be seen in 
F ig 1, Lower panel t hat t he rate of Cyt. C reduction was not 
signifi cant ly decreased by eit her 200 uni ts or 2000 uni ts of 
SOD . 
NBT Reduction During Photoirradiation of Dopa-M elanin and 
the E ffect of SOD 
Superox ide anion is produced when a mixtu re containing 
ribofl av in a nd methionine is irradiated aerobically by t1uores-
cent lamp [8], and t he 0 :;- reduces NBT, which can be measured 
by fo ll owin g t he abso rbancy at 560 nm, as shown in F ig 2. 
When dopa- melanin was irradiated wit h visib le light or UV 
radiation, NBT was reduced in proport ion to t he irradiation 
t ime (F ig 2); the reduction was a lso proport ional to the amount 
of dopa- mela nin present (Fig 3). T he N BT reduction was 
inve rse ly proport ional to t he di stance between t he source of 
irradiation a nd the cuvette conta ining NBT and dopa- melanin 
(data not shown ), i.e., t he reduction was proport ional to t he 
amount of light energy. 
T he photo reduction of NBT in t he presence of ribofl avin 
and me thionine is kn own to be inhibited by S OD which can 
scavenge 0 :;- [8], (Table I). On t he other ha nd, NBT reduction 
by visible light in the presence of dopa -melanin could be only 
slight ly inhibited by SOD, whil e 12- 14% inhibit ion of t he NBT 
reduction induced by UV radiation could be shown by the 
addition of S OD (T able I) . 
DISCUSS ION 
T yros inase in melanosomes is known to be inactivated during 
melanin formation in vivo, and we have prev iously reported 
simila r inactivation of the enzyme in vit ro [5,9] . In t hose 
reports we showed t hat ty rosinase, whether par t icle bound or 
in soluble fo rm, was inactivated durin g t he dopa-tyrosinase 
reaction . Tyrosinase inacti vation also occurred when ascorbic 
acid was added to the reaction system (asco rbic acid reduces 
dopaquin one immediately back to dopa , t hus preventing mela-
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F IG J.. The effect of SOD on Cyt.C reduction during melanin for-
mation. Upper panel, ·various amounts of SOD were added to the 
xa nthine ox idase reaction system in the presence of Cyt.C: A, no 
addi tion; 8 , 200 uni ts of SOD; C, 2000 uni ts of SOD. M iddle panel, 
SOD and/or tyrosinase were/was added to the tyrosinase reaction 
system in the presence of Cyt.C: D, no addition; E, 200 uni ts of SOD; 
F, 0.16 uni t of puri fied tyrosinase; G, 200 uni ts of SOD plus 0.16 unit 
of puri fied tyrosinase. Other condi t ions are as detailed in Materials and 
Method8. Lower panel, A mixture containing 10 11 U of tyrosinase and 
83 11M dopa in 3 ml of 60 mM potassium phosphate buffer (pH 6.8) was 
incubated at 30"C for more than 50 min until the mixture turned dark 
red; 0.5 ml of 120 11M Cyt.C was then added and its reduction rate was 
followed at 3o· c in the presence of various amounts of SOD: H , no 
SOD; / , 200 uni ts of SOD; J, 2000 uni ts of SOD. 
nin formation) [5]. This tyrosinase inactivation could not be 
obse rved in t he absence of 0 2 , one of t he substra tes of t he 
tyros inase reaction. This suggested t he following possibili ty: If 
0 :; was ge nerated during t he enzyme reaction , it might attack 
t he enzyme itself and cause its inactivation. H owever, we found 
in a prev ious study [9] that o:; generation could not be detected. 
Our previous experiments did not exclude t he possibility t hat 
t he partia lly purified tyrosinase we used might contain SOD, 
since t he mela nosome fraction from which tyros inase was pa r-
t ia ll y purified was contaminated wi t h considerable amoun ts of 
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F IG 2. T he effect of irradiation with visible light or UV radiation 
on NBT reduction in the presence of various reagents. A NBT solu t ion 
with various add itions was ir radiated at a distance of 10 em (when 
vis ible light or UV radiation was employed in the experiment, a glass 
or a quartz cuvette was used, respectively) . N~T reduction was fo llowed 
by measuring optical density at 560 nm a tte ~ IncubatiOn at vanous 
times as indicated in the figure. Other condi t ions are descnbed 111 
Mate rials and Methods. A, 2.4 pM riboflavin (visible light); B , 0: 13 mg/ 
mi dopa-melanin (v isible light); C, 0.13 mg/ ml dopa~m~lanm (UV 
radiation) ; f) and E, no addi tion (visible and UV rad!BtiOn, respec· 
tive iy). 
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F IG :3. T he effect of irrad iation with visible lights or UV radiation 
on NBT reduction in the presence of various amou nts of dopa-melanin . 
A NBT solu t ion conta ining var ious amounts of dopa-melanin was 
irradiated for 20 min at a distance of 10 em with visib le or UV radiation. 
Oth e r condi tions were the same as in Fig 2. 
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TABLE I. Effect of SOD on the photoreduction of NBT in the presence 
or absence of riboflavin/ methionine or dopa-melanin 
----
Amount of SOD Relative reduc· Addition Light source added (unit) lion rate of NBT(%) 
None v 0 0 
None uv 0 0 
RF+M v 0 100 
RF+ M v 20 36 
RF +M v 200 8 
RF+ M v 2000 6 
Dopa-melanin v 0 100 
Dopa-mela nin v 20 97 
Dopa-melanin v 200 98 
Dopa-melanin v 2000 94 
Dopa-melanin uv 0 100 
Dopa-melanin uv 20 95 
Dopa-melani n uv 200 88 
Dopa-melanin uv 2000 86 
RF + M = riboflavin and methionine, V = visible light, UV 
ultraviolet radiation. NBT photoreduction in the presence of riboflavin 
and methion ine, or in t he presence of dopa-melanin , was dete rmined 
with va rious amounts of SOD at a distance of 10 em from visible light 
or UV radiation after 20 m in irradiation. Other conditions were the 
same as shown in Fig 2. 
SOD (data not shown). We have now tried to examine aga in 
whether 0 :;; was produced during the tywsinase reaction , using 
high ly purified tyrosinase wh ich did not conta in SOD activity. 
As shown in Fig 1, Middle panel, Cyt.C was reduced during the 
purified tyros inase reaction. However, t he reductions were not 
caused by 0::;, but by some other radical. 
The experiment shown in Fig 1, Middle panel was carried out 
during t he ea rly stage of melanin formation since t he transpar-
ent reaction mixture had not yet changed to the dark red or 
black of dopachrome in 5 min . However, in the experiment 
shown in Fig 1, Lower panel, the conversion of dopa to dopa-
quinone by tyros inase was almost complete. At that t ime, 
radicals were produced in greate r quantity after tyrosinase 
reaction rather than during the tyrosinase reaction , and the 
reduction of Cyt.C could not be inhibi ted by the addition of 
SOD. Blois has reported that it appears reasonable that o-
semiquinones are invo lved in the synthesis of tyrosine-melanin 
according to various electron spin resonance (ESR) studies of 
me lanin (1 ], and Mason et al have reported t hat clear ESR 
spectra of o-benzosemiquinone were observed during reaction 
of mushroom tyrosinase [10]. Thus it could be suggested t hat 
the radicals which reduced Cyt.C in Fig 1 might be o-semiqui-
nones produced during formation. 
It is well known t hat radical species are produced when 
melanin is UV irradiated [2]. Pathak and Fitzpatrick have 
reported that a sign ificant increase in semiquinone- like free 
radicals cou ld be detected by ESR spectra during irradiation of 
pigmented human skin with long-wave UV and visible radiation 
(320- 700 nm ). They also suggested that immediate pi~ment 
darkening might occur by the generation of a semiquinone-like 
free radica l during the photoirradiation of melanin [11]. Fel ix 
et al have reported that ESR measurements on aerated dopa-
melanin suspensions during photoirradiation (320- 600 nm) 
showed changes in t he microwave saturation of melanin free 
radica l, and t heir observation indicated that oxygen was re -
duced to 0 :;; and hydrogen perox ide [12]. However, no direct 
evidence has yet been reported showing the production of 0 -;-
during photoi rradiation of eumelanin. 
We have t ried to detect O; production directly when dopa-
melanin , a synthetic eumelanin , was irradiated by UV or visible 
light . T o detect 0 2 produced in these studies, t he SOD assay 
method reported by Beauchamp and Fridovich [8) was utilized. 
The data shown in Figs 2 and 3 indicate that a radical was 
produced by photoirradiation of dopa-melanin , and that it 
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reduced NBT. However, SOD showed lit tle significant inhibi-
t ion of t he NBT reduction induced by the irradiation of dopa -
melanin; there was li ttle inhibition of NBT reduction by SOD 
(T able 1). 
Recently, Goodchild et al reported that melanin itself could 
scavenge O; [13]. If t he semiquinone and O; are formed when 
dopa-melanin is photoirradiated, the following reactions should 
also be assumed, considering the melanin scavenging activi ty. 
(1) semiquinone + O, -+ quinone + 0 2 + H"'. 
(2) 0 2 + dopa-melanin-+ semiquinone + H20 , 
(3) semiquinone + NBT oxidized-+ quinone + NBT reduced 
(4) 0 2 + NBT oxidized-+ NBT reduced+ H20 2 
Even if the reaction(s) (4) or bot h (4) and (2) is/are quenched 
by the addition of SOD, reaction (3) might a lso occur. Thus, if 
0 2 is produced in t he experiments of Fig 1, Lower panel and 
Table I, it may not be detectable. 
In conclusion, in t his study we have found t hat some radicals 
are produced durin g tyrosinase reaction, dopa-melanin 
formation, and also during the UV and visible light irradiat ion 
of dopa-melanin. The radical produced during tyrosinase 
reaction is not 0 2. However , we could not determine what kind 
of radicals were produced during melanin formation after 
tyrosinase reaction and during photoirradiation of dopa-
melanin. 
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